Background
==========

Recent progress in high-throughput technologies has made it possible to collect a variety of \"omics\" data on transcripts and on the epigenetic behaviors of the histones that are often associated with these transcripts \[[@B1]-[@B5]\].

Cap analysis of gene expression (CAGE) is a high-throughput method that enables large-scale identification of transcription start sites (TSSs) of eukaryotic species. This method measures gene expression levels simultaneously with TSS identification by counting the sequenced 5\' ends of full-length cDNAs, termed CAGE tags \[[@B2],[@B6]\]. With the development of deep sequencing methods, more high-throughput, and high resolution \"tag depth\" measurements have become available (DeepCAGE, nanoCAGE and CAGEscan) \[[@B1],[@B7]\]. Such recent whole-cell-level pictures of quantitative transcriptomes have revealed the complex transcriptional network of mammalian species \[[@B1],[@B2],[@B6]\]. According to recent CAGE-based analyses of human TSSs, the human \"promotome\" can be classified into two types of promoters by the degree of imprecision of their transcription initiation sites \[[@B8]\]. One is the peak promoter, which initiates transcription strictly from a narrow genomic region (within a distance of 1-4 bp), and the other is the broad promoter, which initiates transcription from wide-ranging positions (\> 4 bp) \[[@B8],[@B9]\]. The peak promoters are suggested to be closely associated with the presence of the TATA box (which enables proper control of gene expression by binding with transcription factors) and with tissue-specific gene expression. The broad promoters have been observed in the presence of CpG islands and drive relatively ubiquitous expression of the genes they control \[[@B8],[@B10]-[@B12]\]. The CpG-rich broad promoters are considered evolutionarily new and more likely to be controlled by epigenetic mechanisms, including DNA methylation and sense-antisense regulation, than the peak promoters \[[@B8],[@B11],[@B13]\]. These differences between broad and peak promoters raise questions of how these promoter types are associated with chromosomal structures and modifications and of how their difference confers cellular function.

In eukaryotic species, chromosomal DNAs is packed into nucleosomes, each of which comprises approximately 147 base pairs wrapped around a histone protein octamer consisting of two copies of each of the four core histones, H2A, H2B, H3, and H4 \[[@B14],[@B15]\]. Two biologically important aspects of these histones are their positions and modifications, and it has been shown that these factors regulate transcription initiation \[[@B16]-[@B18]\]. Several methodologies have rapidly been developed for high-throughput identification of histone positions and modifications. ChIP-chip identifies the histone-binding positions of genomic DNA by using a combination of chromatin immunoprecipitation and tiling array \[[@B19]\]. Although ChIP-chip used to be a widely-used method, today, with the growing demand to develop high-throughput sequencing, the ChIP-Seq method has been developed as a promising alternative to the tiling array-based approach in analyzing genome-wide nucleosome positioning \[[@B20],[@B21]\]. These methodologies have revealed several insights into the intertwining of gene expression with nucleosome position and histone modification. For example, the degree of eviction of nucleosomes from the upstream regions of TSSs is correlated with gene expression patterns in yeasts \[[@B19],[@B22]\] and humans \[[@B4],[@B23],[@B24]\]. Moreover, the methylated histone H3 at lysine 4 (H3K4me1, 2, and 3) and acetylated histone H3 at lysine 9 (H3K9ac), located around TSSs, are linked to gene activation \[[@B3],[@B25]-[@B28]\], whereas H3K27me3 and H3K9me3 are linked to gene repression \[[@B3],[@B27],[@B29],[@B30]\]. These modifications and related gene regulatory behaviors support the \"histone code\" hypothesis \[[@B28]\], i.e. that multiple histone modifications specify unique downstream functions. However, the detailed mechanisms underlying transcriptional regulation by these histone behaviors are still obscure.

H3K9ac has recently been frequently observed around broad promoters \[[@B9]\]. This implies that histone behavior is associated with promoter architecture, although this association has so far been found only in the case of H3K9ac, and the extent of such associations is unclear. In this study, we systematically analyzed the relationships between histone behaviors and promoter architecture types by using information about (1) modified/unmodified histones; (2) their genomic positions relative to TSSs; (3) their positional stabilities on the genome under two cellular conditions; and (4) gene expression. The results showed that promoter architecture type and gene expression are tightly associated with the modification pattern and genomic positional stability of the histones forming nucleosomes. They provide new insights into the epigenetic mechanisms of transcriptional regulation in terms of histone behavior.

Results
=======

Promoter architecture and nucleosome positioning
------------------------------------------------

We first focused on differences in nucleosome distribution around the two different types of transcription promoters (i.e. peak and broad promoters). We used human promoter positions for which information about the degree of transcription start imprecision had been obtained in a previous study \[[@B9]\], as well as nucleosome positions defined as the genomic positions of histone H3 proteins in the resting condition in human CD4+ T-cells \[[@B4]\]. We mapped them on human genomic sequences. (See Methods for details of data manipulations.) We then calculated the ratio of nucleosomes located at each genomic position relative to each peak and broad promoter. We found that the nucleosome positions associated with broad promoters had markedly aligned and periodic patterns compared with those of peak promoters (Figure [1A](#F1){ref-type="fig"}). More strikingly, only in broad promoters, the first nucleosomes immediately downstream of the promoter were likely to be located in similar positions and those immediately upstream of the promoter were depleted (see the magnified view in Figure [1A](#F1){ref-type="fig"}). This was contrary to our expectation; previous studies have reported that, in general, nucleosomes are distributed evenly around the promoter region \[[@B31],[@B32]\]. We had therefore expected that the nucleosome positions would be spread around the broad promoter and well aligned around the peak promoter, because TSSs are widely spread in the broad promoter region but narrowly spread in the peak promoter region. However, our results show that the broad promoter was specifically associated with a more aligned pattern of nucleosomes than the peak promoter.

![**Distributions of nucleosome positions around transcription start sites (TSSs)**. (A) Distributions of the central positions of histone H3 around broad and peak promoters. The *x*-axis shows genomic positions with respect to TSSs (from -5 kb to 5 kb, upper panel; and from -500 bp to 500 bp, lower panel). The central positions of nucleosomes are defined as the positions from -15 bp to 15 bp with respect to the center of the nucleosome. (B) Distributions of nucleosomes containing the histone variant H2A.Z around TSSs (from -5 kb to 5 kb). H2A.Z around TSSs associated with broad promoters are highly enriched, unlike those associated with peak promoters. (C) Distributions of minimum distances from each of the nucleosomes in human resting T cells compared with those in activated T cells. The *x*-axis shows the minimum distances and the *y*-axis shows the proportions of nucleosomes with the specified minimum distances. Proportions within every 15 bp were averaged. Minimum distances were calculated for all nucleosomes on the genome (dashed line), for those associated with broad promoters (red line), and for those associated with peak promoters (blue line).](1471-2164-12-416-1){#F1}

H2A.Z is a histone variant of H2A that is highly conserved among lower and higher eukaryotes. Enrichment of H2A.Z around the promoter region has been also reported in yeast \[[@B33]\] and humans \[[@B34]\]. In terms of promoter architecture, we performed a similar analysis to the one of H3 shown in Figure [1A](#F1){ref-type="fig"} of the positions of human nucleosomes harboring the histone variant H2A.Z in human resting CD4+ T-cells \[[@B3]\]. H2A.Z was highly enriched around broad promoters but not peak promoters (Figure [1B](#F1){ref-type="fig"}). For example, the statistical significance of the enrichment was *P*\< 1.0 × 10-25 (chi-squared test) for positions +100 to +130 with respect to the TSS. Moreover, the distribution patterns of H2A.Z were similar to those of H3; the positions of H2A.Z were markedly aligned around broad promoters but not around peak promoters.

Accessibility of transcription factor Sp1
-----------------------------------------

The two promoter architectures are associated with characteristic sequence contexts: the peak promoter is located close to a TATA box and the broad promoter close to CpG islands \[[@B8]\]. Using the genomic positions of putative TATA-box sites predicted by a position-specific weight matrix and the positions of CpG islands obtained from the UCSC Genome Browser database \[[@B35],[@B36]\], we confirmed that TATA boxes were overrepresented in peak promoters and that broad promoters were highly associated with the presence of CpG islands (Additional file [1](#S1){ref-type="supplementary-material"}, Figure S1).

It is possible that the aligned patterns of nucleosome positions around broad promoters are due to the accessibility of transcription factors to DNA. For instance, in the absence of the TATA box, the ubiquitous transcription factor Sp1 can recruit TATA-binding proteins to initiate transcription \[[@B37]\]. It has already been reported that consensus Sp1 sites with high overall GC contents are overrepresented among broad promoters, and the positions of these sites for individual transcription units are less precise than those of TATA boxes \[[@B8]\]. Consequently, we investigated the possibility that the nucleosomes around a broad promoter align in a more orderly fashion than those around the peak promoter because of the need to create a nucleosome-free region upstream of the TSS to confer DNA accessibility of transcription factor proteins. We superimposed the distribution of putative Sp1 sites \[[@B1]\] around broad promoters onto that of the nucleosome positions (see Methods), and we observed increased proportions of Sp1 sites about -50 bp upstream of the broad promoter, where the nucleosome distribution was markedly depleted (Additional file [2](#S2){ref-type="supplementary-material"}, Figure S2). We conducted the same analysis for peak promoters. The inverse relationship between Sp1 site and nucleosome abundance around the broad promoter was much higher than that around the peak promoter, suggesting the plausibility of the DNA accessibility model. Furthermore, we conducted a similar analysis for the binding sites of two other transcription factors, PU.1 and MAZ, as a previous study (FANTOM4) had analyzed the binding sites of these two factors in detail \[[@B1]\]. The binding sites of both PU.1 and MAZ were distributed on nucleosome-free regions around broad promoters, whereas no such trends were observed around peak promoters (Additional file [3](#S3){ref-type="supplementary-material"}, Figure S3). These results support the strong connection between the nucleosome-free region and the accessibility of transcription factors, which was specific to broad promoters.

Positional stability of nucleosomes around broad promoters
----------------------------------------------------------

If nucleosome positioning around broad promoters confers DNA accessibility for the binding of transcription factors, then the nucleosome positions around broad promoters should be more stable throughout different cellular conditions than those around peak promoters, because broad promoters are usually associated with ubiquitously expressed gene (in contrast, peak promoters are associated with tissue- and condition-specific expressed gene) \[[@B8],[@B10]-[@B12]\] and the genomic positions of transcription factor binding sites are fixed. We analyzed the positional stability of nucleosomes located within positions +1 to +200 with respect to each promoter under \"resting\" and \"activated\" conditions of human CD4+ T-cells \[[@B4]\] (see Methods). For each nucleosome position in the resting condition, we calculated the distance to the nearest nucleosome position in the activated condition in order to assess the positional stabilities of single nucleosomes under the two different cellular conditions. The overall minimum distance was markedly shorter for broad promoter-associated nucleosomes than for peak promoter-associated ones (Figure [1C](#F1){ref-type="fig"}). In fact, the average absolute minimum distance in the case of the broad promoter (20.70 bp) was significantly shorter than that for the peak promoter (25.08 bp) (*P*= 4.83 × 10^-7^; *t*-test. Note that we did not take into account nucleosomes for which a minimum distance longer than 100 bp was found between the two conditions, because these were more likely to be different or neighboring nucleosomes rather than those that moved along the DNA with the change in conditions.). These results demonstrated that the positions of nucleosomes around the broad promoters were more stable than those of nucleosomes around the peak promoters.

Distribution of nucleosomes containing modified histones
--------------------------------------------------------

It has been suggested that not only nucleosome position, but also nucleosomal histone modification, can regulate transcription \[[@B3],[@B25]-[@B27]\]. For instance, histone methylation is associated with either gene activation or repression, depending on the methylation site and state on the histone protein; in particular, methylation of histone H3 (H3K4me1, -2, and -3) in nucleosomes around the transcription promoter are well known to regulate gene expression \[[@B3],[@B25]-[@B28]\]. To investigate the differences in positional distribution of nucleosomes containing methylated histones around the two different types of promoter, we obtained nucleosome positions corresponding to each of three methylation types (H3K4me1, 2, and 3) in human CD4+ T cells from a previous study \[[@B3]\], and we mapped these onto genomic sequences with the broad and peak promoter positions. Similar to the result for histone H3, nucleosomes having H3K4me1, -2, and -3 were all highly enriched and well aligned around broad promoters, whereas they were depleted around peak promoter regions (Figure [2A-C](#F2){ref-type="fig"}). However, the alignment pattern of nucleosome positions differed depending on the type of methylation. Within the region downstream of the broad promoter, the first frequency peak of nucleosomes having H3K4me1 and 2 occurred in the +700 to +730 region (Figure [2A](#F2){ref-type="fig"} and [2B](#F2){ref-type="fig"}), whereas those having H3K4me3 occurred in the +100 to +130 region (Figure [2C](#F2){ref-type="fig"}; this was similar to the result for histone H3, perhaps because the majority of H3K4 were trimethylated). For each methylation type, the difference in frequency of occurrence of nucleosomes with each type of modified histone in these regions between the peak and broad promoters was significant (*P*\< 1.0 × 10-10 for H3K4me1 and 2, and *P*\< 1.0 × 10-50 for H3K4me3; chi-squared test). Note that the values on the *y*-axes in Figure [2](#F2){ref-type="fig"} are not influenced by the absolute numbers of nucleosomes in each type of promoter, as they indicate the proportion of nucleosome-harboring TSSs for each type of TSS. In addition to methylation, acetylation may control gene expression \[[@B3],[@B25]-[@B28]\]. We further analyzed nucleosome positioning corresponding to histone acetylation (H3K9ac) in human CD4+ T cells and observed results similar to those for H3K4me3 (*P*\< 1.0 × 10-50 for +100 to +130 region; chi-squared test; Figure [2D](#F2){ref-type="fig"}). For each of H3, H2A.Z, H3K4me3, and H3K9ac, we estimated the abundance of nucleosomes associated with peak promoters relative to that of nucleosomes associated with broad promoters (Figure [3](#F3){ref-type="fig"}; see Methods). Compared with nucleosomes carrying histone H3, the relative abundances of nucleosomes carrying the modified histones or the histone variant were large, suggesting that the presence of histone modifications or a histone variant was highly associated with the broad promoter but not the peak promoter.

![**Distribution of modified histones around transcription start sites (TSSs)**. Distributions of nucleosomes containing methylated and acetylated histones. (A) H3K4me1, (B) H3K4me2, and (C) H3K4me3 and (D) H3K9ac around TSSs are shown. All of the modified histones were highly enriched around the TSSs associated with broad promoters, unlike those associated with peak promoters. The *x*-axis shows the genomic positions with respect to the TSSs (from -5 kb to 5 kb).](1471-2164-12-416-2){#F2}

![**Relative abundance in histone distributions**. Normalized differences in histone distributions (H3, H3K4me3, H3K9ac, and H2A.Z) between broad and peak promoters (from -2 kb to 2 kb) at each position are shown. The *y*-axis shows the normalized differences in histone distributions between broad and peak promoters. H3K4me3, H3K9ac, and H2A.Z had larger differences than H3.](1471-2164-12-416-3){#F3}

Analysis of another genomic element that potentially influences histone behavior
--------------------------------------------------------------------------------

Methylation of CpG islands is tightly associated with the expression of downstream genes; a number of studies have therefore been conducted to analyze CpG islands at a genome-wide level \[[@B38],[@B39]\]. As described above, broad promoters are strongly associated with CpG islands (Additional file [1](#S1){ref-type="supplementary-material"}, Figure S1). Therefore, it is possible that the enrichment of histone modifications and histone variants in the broad promoter region is derived merely from the effect of CpG islands and is independent of promoter architecture. In fact, it has been shown that promoters with many CpG islands are more likely to harbor modified histones than promoters with fewer CpG islands \[[@B40]\]. To address this issue, we analyzed the positions of nucleosomes having histone H3 and those having H3K4me3 around broad and peak promoters with and without CpG islands (Figure [4](#F4){ref-type="fig"}). We found that, in the case where promoters were associated with CpG islands, nucleosomes with histone H3K4me3 were likely to be well aligned even around peak promoters. However, broad promoter-associated nucleosomes were significantly more enriched than peak promoter-associated nucleosomes, especially in the region downstream of the promoter (Figure [4A](#F4){ref-type="fig"}; *P*\< 1.0 × 10-16 for +100 to +130 region; chi-squared test). (Note, however, that the set of \"peak promoters\" used in this study may have included \"broad promoters,\" and that this may have affected the highly aligned nature of H3K4me3 around \"peak promoters.\" This was because the definition of promoter architecture thus far was whether there was a cluster of TSSs located within a narrow genomic region or whether the TSSs were dispersed, and low TSS coverage increased the possibility of promoters being classified as \"peak promoters\".)

![**Distributions of nucleosomes around transcription start sites (TSSs) with and without CpG islands**. Distributions of nucleosomes containing H3K4me3 (A, B) and H3 (C, D) around broad and peak promoters are shown. The analyses were conducted separately for TSSs that were associated with CpG islands (A, C) and those that were not (B, D). Broad promoters had aligned patterns of nucleosomes containing H3 and H3K4me3, regardless of the existence of CpG islands, and were enriched in H3K4me3. In contrast, peak promoters had little alignment of the H3 pattern, regardless of the presence of CpG islands. The proportion of nucleosomes containing H3K4me3 associated with peak promoters was lower than that associated with broad promoters, particularly in the absence of CpG islands.](1471-2164-12-416-4){#F4}

In contrast, when we focused only on promoters without CpG islands, nucleosomes having H3K4me3 were well aligned and enriched only around broad promoters (Figure [4B](#F4){ref-type="fig"}); the difference in the frequencies of downstream nucleosomes (from +100 to 130) potentially resulting from the difference in the alignment were significant (*P*\< 1.0 × 10-56, chi-squared test). Broad promoters with CpG islands had an aligned pattern of nucleosomes carrying H3, whereas no clear alignment was observed for peak promoters (Figure [4C](#F4){ref-type="fig"}). Broad promoters without CpG islands still showed an aligned pattern of nucleosomes having H3 (although the pattern was less clear than in those with CpG islands), whereas peak promoters had little alignment in the pattern (Figure [4D](#F4){ref-type="fig"}). These results show that the enrichment of nucleosomes having certain histones around a broad promoter is independent of the existence of CpG islands.

Effect of histone modification on gene expression
-------------------------------------------------

To explore whether histone modification around the promoter affects gene expression, we analyzed the difference in expression levels of RNAs transcribed from peak and broad promoters in terms of the existence of modified/unmodified histones in their surrounding regions. We compared data sets of methylated/unmethylated histones and acetylated/unacetylated histones measured under resting conditions in human CD4+ T cells \[[@B3],[@B5]\]. Gene expression data for resting CD4+ T cells were obtained from a previous study \[[@B4]\]; we used only those genes for which the expression levels had been measured. We classified promoters having at least one methylated/acetylated histone within the region from -500 to +500 as \"promoters with methylated/acetylated histones\" and all others as ones with unmethylated/unacetylated histones (see Methods). Expression levels of genes \'associated with broad promoters that had methylated histones were significantly higher than those of genes associated with broad promoters with unmethylated histones (*P*\< 9.1 × 10-11, U-test; Figure [5](#F5){ref-type="fig"}). Conversely, the expression levels of genes associated with peak promoters having only unmethylated histones were as high as those of genes associated with peak promoters with methylated histones, and thus no significant difference was observed (*P*= 0.97, U-test; Figure [5](#F5){ref-type="fig"}). Likewise, in the comparison between acetylated and unacetylated histones, the expression levels of genes associated with broad promoters that had acetylated histones were significantly higher than those of genes associated with broad promoters with no acetylated histones (*P*\< 2.2 × 10-16, U-test; Figure [5](#F5){ref-type="fig"}), but the expression levels of genes associated with peak promoters that had acetylated histones did not differ markedly from those of genes associated with peak promoters with only unacetylated histones (*P*= 0.69, U-test; Figure [5](#F5){ref-type="fig"}). These results suggest that the regulation of gene expression levels by histone modification is specific to broad promoter-associated genes.

![**Box plots of gene expression in human resting CD4+ T cells**. The box plots represent the distributions of gene expression levels. Distributions of the four groups of genes are drawn separately, i.e. those with broad or peak promoters, each of which was further associated with modified histones in activated cells or with unmodified histones. The *y*-axis shows the microarray intensities of the gene sets in each category.](1471-2164-12-416-5){#F5}

Discussion
==========

We analyzed the global landscape of epigenetic relationships between histone modifications and transcription initiation by investigating genome-wide ChIP-Seq data and DeepCAGE data. The results presented here show differences in the architecture of the broad and peak promoters that regulate gene expression. Especially, we revealed that the broad promoters were strongly associated with histones immediately downstream of the TSS and they were frequently modified, presumably to regulate gene expression levels.

In previous studies, aligned patterns of nucleosome positions around TSSs have been identified in yeasts and humans \[[@B22],[@B31],[@B32],[@B41]\]. However, we confirmed this alignment only for regions around TSSs derived from broad promoters, not for those around TSSs derived from peak promoters. Broad promoters have an aligned pattern of nucleosome positions around TSSs and have large nucleosome-free regions immediately upstream of TSSs. Studies in yeasts have validated the model of \"open promoters,\" which have large, nucleosome-free regions immediately upstream of the TSS and are often associated with TATA-less promoters and poly (dA:dT)-rich tracts, the sequences of which are unbendable and unstable for histone binding \[[@B42]\]. The broad promoter characteristics that we found in humans are consistent with this model, because in humans the sequence patterns in CpG islands located upstream of TSSs, in contrast to the yeast poly (dA:dT)-rich tracts, have been shown to be unstable \[[@B31]\].

Our data indicate that the nucleosomes that are immediately downstream of TSSs and associated with broad promoters are positioned in specific regions. We suggest that broad promoters have these aligned patterns of nucleosome positions around TSSs because the nucleosome position has a stronger impact on broad promotors than on peak promoters on the determination of TSSs by transcription factors in the cell.

As an example of transcription factors that target broad promoters, we investigated the Sp1 binding sites around TSSs. Sp1 recognizes binding region of DNA via its zinc finger domain whereas TBP recognizes TATA box via its DNA binding domain. Sp1 binding sites were enriched in the regions upstream of TSSs corresponding to the nucleosome-free regions. We observed similar tendencies for the binding sites of two transcription factors, PU.1 and MAZ. Although biological experiments are necessary to investigate molecular mechanism behind this observation, we speculate that the nucleosome-free regions serve as \"landing sites\" for transcription factors, including Sp1, which have less precise binding motifs (which are overrepresented among broad promoters) than the TATA box \[[@B43]-[@B45]\].

In addition to histone H3, we also analyzed the positions of the histone H2A variant H2A.Z, which is enriched around TSSs \[[@B46]\], and we obtained similar results. In contrast, peak promoters did not have aligned patterns of nucleosome positions. One might suspect that the observation is due to high expression of genes associated with broad promoters, and low expression of those associated with peak promoters. However even after we limited the analysis to broad and peak promoters both of which are associated with highly expressed genes, we still observed the preferences of H3 for broad promoters (region 100-130 bp with respect to TSSs) compared to peak promoters (*P*\< 1.0 × 10^-9^, chi-squared test, data not shown). Although TSSs for TATA promoters are often fixed to single positions, our results suggest that such strictly controlled positions of TSSs are not regulated by nucleosome position. However, there is some evidence that the nucleosomes around TATA promoters have regulatory roles in gene expression. In yeasts, the TATA promoter is one type of \"covered promoter,\" and expression of the genes associated with such promoters is more likely to be inhibited by the presence of nucleosomes than expression of the genes associated with \"open promoters,\" which are located in nucleosome-free regions \[[@B42]\]; in covered promoters, nucleosomes often cover transcription factor binding sites to repress the expression of downstream genes. It is also possible that, in humans, peak promoters associated with the TATA box belong to one type of \"covered promoter\" where the expression of downstream genes is repressed by the presence of nucleosomes. Therefore, we speculate that transcription factor binding is controlled by nucleosome position in the case of peak promoters.

In our analysis of epigenetic control by histone modification, we uncovered an difference between broad and peak promoters. H3K4me1, -2, and -3 and H3K9ac, which are associated with gene activation, were more highly enriched around TSSs associated with broad promoters than around those associated with peak promoters. Thus broad promoters appeared to be under stronger epigenetic control than peak promoters. We found a trend that further supported this hypothesis: the expression levels of genes associated with broad promoters that had modified histones had higher expression levels than genes associated with broad promoters without modified histones. In contrast, peak promoters appeared to be under weaker epigenetic control, because far fewer of them harbored modified histones. Furthermore, there were no significant differences in the expression levels of genes associated with peak promoters that harbored or did not harbor modified histones.

It has been shown that promoters with many CpG islands are more likely to harbor modified histones than promoters with fewer CpG islands \[[@B40]\]. However, even after we limited our analysis to promoters having CpG islands, number of broad promoters harboring H3K4me3 was still statistically higher than that of peak promoters. Even more remarkable differences were observed after we limited our analysis to promoters without CpG islands. Although these results may depend on the dataset of CpG islands we used, enrichment of H3K4me3 in downstream region (+100 to +130-bp) of broad promoters were still observed in the analysis using different dataset of CpG islands \[[@B47]\] (*P*value of \< 1.0 × 10^-20^for CpG-related genes, *P*value of \< 1.0 × 10^-30^for CpG-unrelated genes).

Genes associated with broad promoters tend to be expressed ubiquitously, whereas those associated with peak promoters are likely to be expressed in specific tissues and may show low expression levels in most tissue types \[[@B8]\]. Therefore, if high levels of gene expression are directly associated with histone modifications around TSSs, then we may observe spurious correlations between promoter type and histone modification. In fact, H3K4me3 is known to upregulate the expression of downstream genes. We therefore compared the distribution patterns of nucleosomes containing H3K4me3 around broad and peak promoters in cases where the downstream genes showed similar expression levels (Additional file [4](#S4){ref-type="supplementary-material"}, Figure S4). We found that the broad promoters also harbored more nucleosomes containing H3K4me3 in cases where the downstream genes showed similar expression levels (data not shown); the difference in the distributions of H3K4me3 around the broad and peak promoters was statistically significant (all positions from +100 to +130 showed significant differences; *P*\< 1.0 × 10^-3^, chi-squared test), suggesting that promoter type was indeed associated with differences in epigenetic regulation by histone modifications.

Peak promoters containing the TATA box are regulated at their transcription initiation step, generally by the assembly of a pre-initiation complex with three additional components: the TATA-associated factors, the so-called mediator complexes, and positive and negative cofactors. We presume that peak promoters containing no TATA box are regulated in a similar way. This transcription system is widely used in various species, and our results suggest that it is unlikely to use epigenetic controls. Thus, broad and peak promoters have distinct systems to regulate gene expression.

Throughout this work, we employed widely-accepted definition of peak promoters, i.e. those which initiate transcription within the range of 4 bps. Changing this threshold to 10 bp did not have much effect on the distribution patterns of nucleosomes around broad and peak promoters as shown by Pearson\'s correlation coefficients between histone distribution pattern around broad promoters (-5000 to 5000 bps with respect to TSS) defined by \> 4 bps threshold and that defined by \> 10 bps threshold. For H3 distribution patterns, correlation coefficients were 0.99 and 0.94 for broad and peak promoters, respectively. For H3K4me3 distribution patterns, the correlation coefficients were 0.99 for both broad and peak promoters. These results suggest the robustness of the relationships between the imprecision of TSS and patterns of histone distributions.

TATA boxes are used in a wide range of organisms, including prokaryotes, and are thought to be part of an ancient transcriptional system. In contrast, broad promoters are thought to be newly evolved \[[@B8]\] and have incorporated histone modification systems. Our results showed that peak promoters, which are frequently associated with such ancient TATA boxes, have not incorporated histone modification systems.

Conclusions
===========

By using a computational approach, we discovered the general relationships between the two types of promoter architecture and histone behavior, including positioning and modification. We first showed that the positions of histones around broad promoters were highly aligned and stable compared with those around peak promoters. Furthermore, we suggest that marked numbers of transcription initiations related to broad promoters are under the control of histone methylation and acetylation and are associated with gene expression level, whereas this is not the case with peak promoters. These results indicate that the expression of genes associated with broad promoters, but not peak promoters, is highly associated with histone position and modification. We believe that our study is a step in uncovering the general mechanisms underlying transcriptional systems and inferring how these systems have evolved. This should eventually help us to understand the complexity of mammalian transcription.

Methods
=======

Nucleosome position detection and dataset
-----------------------------------------

Nucleosome-resolution (MNase digestion) ChIP-Seq Solexa tags for histone H3 were obtained by \[[@B4]\]. The genomic positions of the methylated histones and the histone variant H2A.Z were obtained from \[[@B3]\], and those of acetylated histones were from the study by \[[@B5]\]. All of these data were obtained in human resting CD4+ T cells. To determine the genomic positions of nucleosomes according to the ChIP-Seq data, we used the software published in \[[@B48]\]. Human genome hg18 was used.

Transcription start site detection and dataset
----------------------------------------------

TSSs were detected by DeepCAGE data obtained by the FANTOM 4 project \[[@B1]\]; 10,971 TSSs of broad promoters and 3621 TSSs of peak promoters were detected by applying the methods used in FANTOM 3 \[[@B8],[@B9]\] to the FANTOM 4 dataset \[[@B9]\]. We used only those promoters for which the corresponding probes were clustered on the genome (level 3 promoters; \[[@B1],[@B9]\]), and for each promoter the neighboring position that had the highest density of overlapping CAGE tags was determined as the position of the TSS. Promoters containing TATA boxes within 50 bp upstream of TSSs were determined by using position-specific weight matrices from JASPAR4 \[[@B49]\] (with a confidence score of more than 75%), and promoters containing CpG islands within 200 bp upstream of TSSs were obtained from the UCSC Genome Browser database (<http://genome.ucsc.edu/>). Alternative dataset of CpG islands were obtained from \[[@B47]\].

Distribution of nucleosome positions around TSSs
------------------------------------------------

As described above, the genomic positions of nucleosomes as well as TSSs for both broad and peak promoters were determined. The distributions of nucleosomes within the genomic regions from -5 kb to 5 kb with respect to TSSs were calculated by dividing the number of nucleosomes at each position by the number of TSSs. Genomic positions from -15 bp to 15 bp with respect to the central positions of the nucleosomes were assumed as the genomic positions where nucleosomes existed. The distributions of nucleosomes near broad and peak promoters were calculated separately.

Distribution of Sp1 binding sites and other transcription factor binding sites
------------------------------------------------------------------------------

Sp1, MAZ, and PU.1 binding sites were obtained from FANTOM 4 (<http://fantom.gsc.riken.jp/4/download/GenomeBrowser/hg18/TFBS_CAGE/allsites_cage_tfbs_feb09_latest.gff.gz>) \[[@B1]\]. The distributions of these transcription factor binding sites around TSSs (from -500 bp to 500 bp) were calculated by dividing the number of these sites for each position by the number of TSSs used for the analysis.

Stability of nucleosome positions under different cellular conditions
---------------------------------------------------------------------

We compared the nucleosome positions obtained in human resting CD4+ T cells with those obtained in human activated CD4+ T cells. We calculated the minimum distance between each nucleosome in resting T cells and the closest nucleosome in activated cells. This distance was considered to denote how far each nucleosome moved along the genome in response to the change in cellular condition (from resting to activated). The distributions of these distances were calculated by dividing the number of nucleosomes that moved specified distances (from × bp to × + 15 bp) by the total number of nucleosomes. The average absolute minimum distance between each nucleosome in resting T cells and the closest nucleosome in activated cells was also calculated.

Relative abundances of peak promoters and broad promoters
---------------------------------------------------------

The abundance of peak promoters relative to that of broad promoters at position *j*was calculated by (*B~j~*- *P~j~*)/Σ*~i~B~i~*, where *B~j~*and *P~j~*denote the proportions of nucleosomes at position *j*for broad and peak promoters, and Σ*~i~B~i~*denotes the sum of proportions of nucleosomes around the TSS (from -2000 bp to 2000 bp), respectively.

Gene expression in human resting CD4+ T cells
---------------------------------------------

The gene expression profile in human resting CD4+ T cells was obtained from the Gene Expression Omnibus (GSE10437) \[[@B4]\]. We used genes (total number 8007, with 7591 associated with broad promoters and 416 associated with peak promoters) annotated with Entrez gene IDs in FANTOM 4 and with expression present in Present/Absent calls generated by the Affymetrix microarray platform. Nineteen types of methylated histones and 18 types of acetylated histones obtained in CD4+ T cells were used \[[@B3],[@B5]\]. Acetylated histones located around TSSs are linked only to gene activation. To investigate the upregulation of genes associated with histone acetylation and their dependence on promoter type, we made two groups of histones: one having modified histones (18 types of acetylated histone) around TSSs (from -500 bp to 500 bp) and the other having no modified histones. In contrast to acetylated histones, methylated histones located around TSSs are linked to both gene activation and repression (see Background). Furthermore, the functions of many methylated histones are still unknown. Therefore, for histone methylation, we made the following two groups, one having H3K4me1, -2 or -3, which are known to upregulate downstream genes, and the other having no modified histones. Distributions of gene expression levels were represented as box plots. *P*values for evaluating the significance of gene expression changes were calculated by the Wilcoxon rank sum test.

To compare the distributions of nucleosomes that had H3K4me3, were located upstream of TSSs (positions from -150 to -100 bp), and were associated with either broad promoters or peak promoters in cases where the downstream genes showed similar expression levels, we selected 1788 genes associated with broad promoters and 138 associated with peak promoters that had expression levels in the range of 250 to 750 (Additional File [4](#S4){ref-type="supplementary-material"}: Figure S4). The chi-squared test was applied to assess the difference in nucleosome distribution between these two types of promoter.
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###### Additional file 1

**Supplemental figure 1**. Figure S1. Frequencies of occurrence of TATA boxes and CpG islands around transcription start sites (TSSs). Frequencies of the characteristic sequence patterns associated with promoters are shown by bar charts. The *y*-axis shows the proportions of broad and peak promoters that have TATA boxes (A) and CpG islands (B).
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###### Additional file 2

**Supplemental figure 2**. Figure S2. Distributions of Sp1 sites around transcription start sites (TSSs). Distributions of nucleosome regions and Sp1 sites around TSSs associated with broad (A) and peak (B) promoters are shown. Nucleosome position is defined as the center position of the nucleosome. The *x*-axis shows genomic positions with respect to TSSs (from -500 bp to 500 bp). Sp-1 sites were obtained by the FANTOM 4 project.

###### 

Click here for file

###### Additional file 3

**Supplemental figure 3**. Figure S3. Distributions of the binding sites of two transcription factors (MAZ and PU.1) around transcription start sites (TSSs). Distributions of nucleosome regions and transcription factor binding sites around TSSs associated with broad (A: MAZ, C: PU.1) and peak (B: MAZ, D: PU.1) promoters are shown. Nucleosome position is defined as the center position of the nucleosome. The *x*-axis shows genomic positions with respect to TSSs (from -500 bp to 500 bp). Both MAZ and PU.1 sites were obtained by the FANTOM 4 project.
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###### Additional file 4

**Supplemental figure 4**. Figure S4. Distributions of expression levels of genes selected for comparison of broad and peak promoters associated with similar downstream gene expression. The box plots represent the distributions of the microarray intensities of the gene sets that were selected from among those associated with broad and peak promoters and that had similar expression levels (from 250 to 750).
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